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A hstract

We stmulate radio sembll ations in Pior car Venis radio ocenltation data as.
sining, that the index of 1eftaction fluctnations in Verms’s atimosphere vesponsible for
thescintillations areditectly caused by pravity \\ Cive foctuations, 1110 gravity waves
are CICiit (0 by aglobal Convection layer botween H0 and 01 analtitude in Venus’s
atmosphcae and propagate ver tically, We cormpare i he simnlated seamntillations with
data and ay pue that this theory for the radio seintillations is preferable to the theory
that the santillation s are caused by clearan turbul ence in Ve ¢'g atinosprher ¢,

These pravity winves can explain the spectval shape and amnplitude of the radio
scintillations. The shape at high ficquencies is control led by waveln caking, which
yiclds @ saturated spectium. The amnplitude is subject to paramcters such as the
intensity of the (oiln (ttio]l, » theangle hetween the zonal winds and the heam path,
and the zonal wind profile at polar Tilt tudes. To match Qe ohserved amplitade of the
scint llations, the velocity vayiatio ns slthe encrg y-bearing eddiesinthe (oinv(xtion”
must be at lcast 290 % Thisvalueis consistentwith the Venus balloon 1( "S(11(S of
Sapdeev ¢ al. (198G), sud is iu the middle of the range consider ed by Leroy and
Tug nCarsoll (F991) in thicin study of conveetively gencrat ed pravity waves, The Jatter
study, comnbined with the lowerbound 011 velocity fromthe present study, the yields

Jower bounds on the vertical fluxes ol inomentmm and encrgy in the Venus atimosphere,
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1. Iutroduction

Ina previ ous theoreli cal paper we investigated whether gravity waves pen-
Crife ¢ by globalscale convection in Venus’s iniddle att nosp here conld support the
was tward superrotation (Leroy and Ingersoll 1094, L1 herea [ter). We fou nd that the
waves cary enouglimomentuim to support the superrotation but that the distribution
of accelerations inaltitude is nns atisfactory. We also fonma that the waves tratisport
larpcamonnts of castward Holll (U Ho[, 17Cii{” heights,where thewavesiniphtdomi-
nate the HICIHE motionas gravity waves ave thought to do i the Farth’s mmcsosphiere,
e ae we implement the pravity wave spectimn (1f LI i shmulations of radio scintil-
lations and comparc om 1( ’S111(S withradio semtillation data of Pioncer Venug, The
poalis to (“11( 1< the theory by verifying that @nviivay generated pravity waves are
present il Venus’sddle atimosphere.

Radio samtillations occur when the boam pat boof the Pioncer Venus radio
sipn al pa sses throuph the Venu s atimo sphare onits comse to FRarth (Kliore a nd Pat ¢
1980). During, the occullation, the Ploncer Ve s spacecralt appeat s; Lo a terrestrial
onsC1 ver, Lo he moving vertically in the Venus atimosphiere. The aynphtude and phase
(in the form of frequency shifts) of the radio signal are obtained as a function of thne
during the occultation. Boecanse the density of the atmosphicre is the primary sour ce
olrefractive index variations, the: data can be hireetly invertedto give vertical profiles
of temp erature, but only at vertical resolutions great ¢ than the width o [ the radio
beam in the Vonu s atmosphere (Fjeldbo ef ol 1971). Vaviat jons on scales smalle
than the hbeam width (i 111 lead to amplitude and phase varations that ¢in mot he
directly inverted but can be statistically modeled ("Patarskii 196 1), These variations
imamplitude and pha se areradio seim tillations,

Prominent radio scinti ations that ocour near 453 altitude and 60 ki alty-

fude in Venu §7s atmosphere have been analyzed by Woo and Avim strong, (1980a, WA




hereafter). Isseritially, they subtracted the background sipnal, created by rofraction,
and were left with only the sc int illations. T'h en WA Fourier analyzed the scintilla-
tions and calcul ated spectra of the variances of the phase S of the sigiial and the
logarithim x of the electiic field arnphtude, bothin frequency (7). The log-amplitude
(x) variance spectra indicate a power law with an index anywhere between about
- 2310 - 3.7 Furthier more, WA estimated th at the temperature variance at. 60 km
required Lo generate the scintillations is roughly 1 K. Finally, they estimated that
the density inhomogencities were clongated by a factor ol about 20 1 the horizontal
divection compared to the verti cal.

WA subscquently used a theory for v adio scint illations 1 order to show how
small scale turbulent phenomena might be responsible for the data they analyzed. The
scintillation theory WA immplernented was devel oped by severalanthors (Tat arskil961;
Ishimaru 1973; Woo and Ishimaru 1973; Haugstad 1979) an d can be used to generate
mod lel radio scintillation thne scries o log-armplitude o phase, given a pattern o f
index of refraction fluctuations. The index of refraction fluctuations are directly
proportional to density fluctuations in the atinosphere througl a consta nt which is
determined by the chemical composition of the atimosphere (Fssen and Froome 1901,
Klhore ef al. 1980). WA assuined a random pattern of density fluctuations with a
variance spectrum proportional to a power Jaw of -11/3 i the spatial wave nwin bers.
Such a power law 1n the density variance spectrum is consistent with a Kohnogorov
spectrum of three dimensional dissipative turbulence. In addition they assumed that
the fluctuations were anisotropic  highly flattc ned in the horizontal direction. This
is not the conventionalform of fully de veloped dissipative tarhulence, but a modified
forim b ccause the motions involved are emmbredded ina stably stratified at nosphere,
which strongly resists vertical motion (IHoughton 1986). Under these assmnptions,

WA usced weak seintillation theory to shimul ate s cintillation power spectra. In the end
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they found good agreement between their model and the data, with the requirement
that the outer vertical scalesize of the density structures was larger than the beamn
width(about 63111).

This agreement does not p rove that dissipative turbulence is responsible for
the scintillations, however. IMst of all inthe ):iltI1'S atinosphere 6iPHUIPICES con-
fined to individual patches only a few tens of meters thick (Sato and Woodryan 1982,
Barat 1982), whercas the scintillations app cav {o cover a 10k range of altitu des.
Sccondly, turbulen ¢ ¢ tends to ereate patches {hat are isentropic, and S11(711 patchesdo
not allow density contrasts (Schubert 1983, P- 755). Thirdly, scintillations in oceul-
tation data from Titan’s atin osphere have hecn showryto be consistent with gravity
waves throughout Titan’s atmosphere ab ove 25k (Ihnuson and T'yler 1983). Most
nnport antly, however, the amount of energy required to sustain such turbulerce js
too large 1o be realistic. By using potentialtemperat ures where kinetic temperatures
were required, WA underestimated the energy dissipation rate n ceded to explain the
observations, if turbulenice were causing the scintillations. The corrected estimate
casts doubt on the turbulerice hypothesis. We pursue this topic Jater in this paper.

We nse the same nnnerical technique as WA for sinulating radio seintillations,
but we assunne that the density inhomogencitios are the fluctuations of internal gravity
waves generated by convection in Verg’s middle atinosplicre. We chioosc: this as the
most probable source for the density variations because the coilvectioll is nearly global
inscale and is situated ina 9 ki thick layer hetween the stable layers at 45 and 60k
altitude. The somce is requirect to be global in scale beca nse the scintillations in the
PPioncer Venus radio science were found to be global. Scin i1l ations were also scen
near 60Kk n by Mariner & (Woo ¢l «l. 1974), Maviuer 10 (Woo 1975), aud Venera 9
(T nofeeva ¢t al. 1918). We choose gravity waves ho:Canse they can propagate over

large vertical distances and they can have «tructure  onsimall vertical scales. With



such eriteria, therefore, we presume that gravity waves generated by the convection
in Venus’s middle atinosphiere are a probable creator of the scintillations in Ploneer
Venus radio science data,

The motion of the spaceeraft carries the beamn rapidly through the atimosphere.
The enhanced scintillations scen at 60 ki are apparent primarily in a window of about
10 scconds, corresponding 1o an altitude range of about 10ki . The thme cale for at-

nospheric motions is sever al minutes (the inverse of the Brunt-Vaisala frequency).

-~

Phus we use the “rozen-in” aypothesis, which postulates hat the density variations
are frozen in the atimosphere and exist only as a function of space where he occulta-
tior experiment is concarned.

I LI the conveeting layer was placed Hetween 50 and HHkm altitude. Just

above the convection, the atimosphere is statically stable, with the square of the 3runt-

Viisila frequency given by N2=dx 0°s% The stability increases with altitude

to about N2: 3.6 x 1071 572 at 60km altitude. The atinosphere is statically stable

below the 2::;..@\.*_3: as well, but we restrict ourselves to analysis of the overlying
stable atimosphere. The winds are westward @ 1d increase Hy aboutl 901 s~ ! between
he convection and 67k altitude. There 1s no shear or static stability within the
convection itself. 11 used WKBI theory to relate the amplitude and spectrum of

convective eddies to the amplitude and spectium of gravity waves n the stable layer

above the convection. An impor ant paramcter m 111 is U, the magnitude of the

velocity variations in tie convection. The present analysis gives a Jower bound on U
and  us a Jower bound on the encrgy and omentui fluxcs derived from the LI
theory.

srominent in the results of L1 are two Lypes of wavehreaking: breaking

cnission Trom the convection and critical laycr breaking near critical layers. 1

mediately upon emission from the convection, low frequency, and hence low phasc



Speed, waves were foundto be convectively unstable. Accor dingly, we decrcased the
amplitude of the waves within cacli unit logarithmic band of vertical wavenurnber
((dv n/m) ~ 1) to the poiut where the waves are marginally stable, This led to a
saturatedspectrun 1) proportionaltomn * (Dewan and Good 1986, Smith ¢f ol. 1987).
In addition, the presence of a shearing zonal wind created critical layers, ncar which
gravily waves become unstable via both Kelvin- Hehnholt z and convective instabilities
(Geller o al. 1975). Again, we decrcased the amplitude of the waves such that the
waves are marginally stable. As s} 1wown Mow, the waves that remain after breaking

arc suflicient 1o cause the observed scinti Hations,

2. Gravity Waves as a Source of Radio Scintillations

2.1 The scintillation integral

In the theory of scintillations in radio occultations using the Rytov approxi-
mation (Tatarskil961; Ishimaru 1973 &1978), one of theimportant quantities isy,
the logarithin of the clectric field of the radio signal as viewed from Jarth. Since x
can 0ill.y bequantificdina statistical sense, we analyze the variance spectrum of x
in frequency. This Jog-amplitude variance spectrum W, (v) is defined  as

oo - _
W, (v) = 2/ dAL (1) x(L-] Al) cos2nvAL. (1)
Haugstad (1 979) and Woo ¢t al. (1 9801.)) show how this is related to the refractive
index variance spectrumn through
2

W, (v) - 4n2k?1,/(11.~; din B, (K= 0,k m) sin?[a‘j(k;“‘ 1 )]

q‘z

(2)

x (5(27”/- Kl a = ma) -+ 8(2mw Ko W:,a)).

Here, v is the frequency, kis the free-space wavenumber of theradio signal, B, (k] , k), m)

is thie variance spectrum of refractive index fluctuations i the spatial wavenumbers




(ky , k), m) where k]

. and k, arc the horizontal wavenumber s ill Venus’s atinosphiere

tangent to and transvar sc to thie radio beam patl i, mis the vertical wavenuinber, g,
and z, arc the apparent spacecraft motions in the horizontal and vertical directions
on Venus, and @' is the distance coordinate along the line of sight to the spacecraft.
The horizontal I'resnel size ay is given by \/]z’/275. The gquantity 12 is the radius of

curvature andis given by

where Iy is the distance from the spacect aft to the occulting atimosph ere and 12, is the
dist ance from the occulting atimospher ¢ to the obser ver (at Earth). Thie defocusing
factor ¢? is the factor by which the radio signal is spread out by refraction in Venus’s
atmosphere (¢ = 10 forthe case considered here).  The apparent yelocity of the
spacceraft, given by g, and z,, 1s the velocity of the spacecraft as it, appearsto the
obscrver, including the ¢ flect of refraction. Thiat s, 4, =y, and 2, = 2,/¢%, where g,
and zg are the actual spacecraft velocity components (p. 329 of Haugstad 1979; p. 697
of Woo ¢t al.1980). Fach wavemnode contribuies at a frequency given by the rate at
which the spaceeraft crosses the modce’s phiase fronts, as required by the Dirac delta
functions é(. ..). Averaging along the bean path guarantees that only waves with
ki = O contribute to the variance of y.

Most of the scintillations are due to vertical mmotion of the bearn through the
atimosphere, so there is nearly a one to one correspondence hetween frequency v and
vertical wavenumber i, This is because the ms, termeis lavger than the k) y, term in
the Dirac delta functions. The largest contributors to the schtillations have k), S1/1,
where 11 is the horizontal scale of the energy- bearing eddies in the convection. There is
1o such restriction on m, however, since m - » oo as the waves approach critical layers.
Only those Waves withaym/q 2 1 will contribute significantly to the scint illations,

because Only then is the argument of the sine term in (2) greater than unity. (The



uppoer bound on k;, ensures that it does not contribute significantly to the argument
of the sine terin.) Thus, [(mz.)/(kya)| R (¢11]ay) [2a/ya|in which gl Jay = 80 for
¢*: 10, 11 =5km, and as= 200111. Given that t he actual spacecraft motion is related
to the apparent spacecraft motion through g, = ¢, and 7, = 2,/¢?, the lower bound
011 theratio of mz,to k;g]a becomes 82, /15| Since this lower bound is much greater
than unity for most spacecraft motions, the miz, terin is much greater than the &y,
term; hence, the vertical wavenut nher 1 deter inines the frequency .

Fquation (2) differs from equation 2.5 of HHaugstad (1 979) (c.f. and equation
8 of Woo cf al. (1980b) only in that we have two Dirac delta functions and they have
once. When implementing turbulence, only on ¢ delta function is necessary, as long
as an cextra factor of 2 is included, because the spectrum of turbulence is syminetric
abhout &} = (). For gravity waves 111 a shear flow, however, such a symmetry is not
expected; thus we mnust retain both delta functions.

We implement gravity waves in (2) by introducing polar coordinates in the

planc transverse to the bean path in Venus’s atmosphere. We set

ko= ksin0

2

3)

m=K cos 0
wherek is theamplitude of (e waveveetor in the ¢/, 2/ plane and 0 is th ¢ angle away
fro]]) the vertical at whicha wavemode prop agates. For consistency, we rewrite the
apparcnt spacecraflt velocity ¥a, Zq in polar coordinates:

Yo = V4 SIh

(4)

Zg T Vg COS QU
where v, is the ap parent speed of the spacecraft and a is the angle away fromn
the vertical at which the spacecraft appears to travel. When we insert the above

expressions into (2), theintegration is over k. and O. The delta functions alow us to
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integrate over x.'This leaves

’ ad f2 .
W, (v) == 82kl »27%1 / (lo scc’ (0 a)

02 v )2
L1281 R . cos?

X sin? [_ﬁka sec?(0- a)(sin? 0+ - . 0)] (5)
2 2

X {]Sm (/\; = O,k = ar sce(0- a)sinl,m:=. - n see(0— a) cos 0)
Vq Dy
2 . 2n v

4B, (k;_ = 0, k=~ - T scc(0--a)sinl,m= - - scc(0- «)cos 0)}

¢ Vq Vg

The POWEY gpectrum in this equation is the same as that in equation (2) except that
the three arguments kg, ky,m of the index refraction spectiuin are deterinined by the
frequency v, the apparent spacecraft speed vg, the apparent spacecraft entry angle a,
and theangle o.

Thea!, y coordinates are defined relative to the Iie of sight to the spacecraft.
The horizontal wavenumber pair k., k, is defined relative to the mean wind, with @ in
the direction of the wind and y transverse to it. This is the coordinate systemn used
by 1,11. To trausform to the 2, ¢ system used for analyzing scintillati ons, we rotate
through an angle A. When the mcan wind is in the zonal direction, A is the angle
between the radio beamn pathi and a line of constant latitude at the beam’s closest
approach to theplanet’s sul’face. Then the angle A is rclated to the obliquity I3 of

the planet to Barth and the latitude A of the occultation through
sin A= - - (6)

2.2 index of refraction fluctuations

As mentioned carlier, the index of refraction fluctuations nyare dated to the
density fluctuations in the atmosphere. We use the first law of thermodynamics and
(4) of L.lltoshow that

! ql)l S'I
= = ™
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where p’ is thie density fluctuation, ¢’ is the pressure fluctuation divided by the mcan
density p, 8’ is the specific entropy fluctnation, v is the adiabatic index, and ¢, is
the specific licat al constant pressure. 111 order to compare the iwo terms on the

right-hand side of thiscquation, we solve for S interms of #

o N (8)

A A
go N2 - 0?2 0z

where N is the Brunt-Vaisala frequency, ¢, is Venus’s gravitational aceeleration,

@ = ke (¢ — u(z)) s the wind-shifted frequency of the wave , and m is the vertical

wavenumber. The notation and derivation are the same as in 1,11, Thiesquare of {he

vertical wavenumber is given as

2 - -2
e N A,w k2 (9)

o2
where k is the horizontal wavenumber (given by (k2 4 £2)/2). When the WKBJ
approximation is valid such that mlil > 1, the sccond term, which is proportional
to the entropy fluctuation, dominates the first term, which is proportional to the
pressure fluctuation, on the right in (7). Using the above expression for the entropy
{luctuation, the density fluctuation p’ can be written as a function of ¢

o Pz NT O

~ v 10
P ge NZ o2 9z (10)

Several authors have calculated thic cocflicient relating density fluctuations and
refractive index fluctuations for Venus’s atmosphere (Fssen and Froome 1951, Woo

1975). We usc the value given by WA, which is
ny:(1.35 X 107 1</I’a) R p' (11)

in which 2 is the gas constant for Ven us’s atmosphere,2’~ 189.0 J kg™ K-l (Stiff

cl (Il 1 980).
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With the wo preceding equations and cquation (27) of L1 we can write the

power spectrum of index of refraction fluctuations as

B,, (kyy kyym) = (2.55 X 10°m 3kg"‘)f-/’-(?)b2
o

Nt 362 (12)
X oo e — L
N2 o2y g, Mk, ky,m).

Following .11, we use k(z) to represent a normialized form of the ¢ fluctuation in the
region above the convection, and M to represent the wave response to forcing by the
convection. We evaluate M differently depending on whether a particular wavemode,

determined by k,., k, andm, radiates to spaccor propagatcs strictly horizontally.
For waves which radiate to space (propagating waves), M(w,k,, k) is given by

cquation (32) of LI1.One transforms to M(k,, by, m; z) using

0
Mk, ky,m; z) = _aw
mn

M(w, k,, k). (13)

ki ky,z

The quantity Cin equation (32) of L1l is giveuby cquation (18) of 1,11.

IFor waves restricted to horizontal propagation ({rapped waves), 1.11 do not
give ancxpression for M because these wave.~ do not contribute to vertical momen-
tumn transport. Inihis paper weC must consider their amplitude because they do cause
refractive index fluctuations. Trapped waves contribute1nuch of their amplitude reso-
nantly. This could be problematic because these resonances can be thinner spectrally
than the interval we choose for spectr al integration; however, by anal ytically inte-
graling over theresonances, as shiown in the next section, we can account for all of

the amplitude.

2.3 Trapped wave amplitudes
Here we find an analytic expression for the amplitude contained in a resonantly
trapped gravity wave. Inl.11we used a model atmosphere in which the square of

the Brumt- Vaisali frequency was zero inside the convection and was N2 iinmediately
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above the convection, with N2 = 4 X 10°®s72. The energy-bearing eddies have length
scales 1 /k of order 5kimand velocity variations /., of order 3ims* '. The corresponding
frequencices (w:*kUc'}'G x 10*s™'), arcsmallerthan NC, so wc assumne that w << V.
The results of this section do not depend on the size of w compared to N, but
calculating the overall contribution of resonances is most casily done in the small
frequency limit.

According to (32) of 1,11, M is inverscly proportional to [Wr|?, where Wr(g, h)
is the Wronskian of the two independent solutions g(z) and fi(z). The former satisfies
the lower boundary condition at the base of the convection; the latter satisfies the
upper boundary condition above the convection. LIl consider propagating waves.
1 lowever, h(z) for trapped waves is diflerent fi om &(z) for propagating waves. This
aflects the expression for the Wronskian. 1 rapped waves are those which are confined
to a horizontal laycr, or dud. Since N?:= O within the convection and N? == N2 imine-
diately above the convection, the top of the convection layer is the lower boundary
of ficduct. The upper boundary of the duct is forimed where the Doppler shifted

frequency @ cexceeds N(z) and m® becomes negative. The form of h(z) within the

h(z) = ;,\ﬂml sin(Qg P77 )
/)

where the Phiase p is measured from the top of the conveeting layer and the phase Qg

duct is

is the total phase within the duct. Evaluating hand 9h/0z just above theconvecting

layer (where ¢=0)andsubstituting into equation (14) of 111 gives

Wr(g, h) = wk\/?zlg [(1 == 17-)i cos(Qq - w/4)

¢
-- tanh k1 sin(Qq - 7/4)
where po i's the atinospheric density at the top of the convection.  Sincew << NC,
thenme >> k(c.f. cquation(9)),and the first terminthe square brat.kcts is usually

mucl; less than the scconid. The seconid term becomes simaller than the first, however,




when Qg (n-11/4)7. Inthis region M is maximized and a resonance occurs. Since
we anticipate that most o f the amplitude cont ributed by trapped waves is done by
resonant modes, we approximate M inthe vicinity of a resonapce. In doing so we
define 8Q = Qq --- (n+41/4)7 and expand sin(Qq - #/4) slid cos(Qq - 7/4) in 6Q.
After substituting 6Q) =2 6Q'- k/(m.tauh k1I') and squaring the Wronskian, we find

2 "2 . ]\72
[Wa(g, h)]* = wkime 1 K L A tanh? 1T (6Q")?]. (1)

Pe w?r2m?
This expression appears in e denominator for the teinperature variance, equation
(32) of L.11. Thus cach resonance has a Lorentzian lineshape in 6Q" with a halfwidth

al half-maximum of
- ]

(e ======l =—=

wT, e t anh k1T
Note that the width of the resonance is inversely proportional to the damping timescale
7. of the convection.

Il we integrate M over this resonance with the variable of integration Qg, we
find how iuch amplitude the resonance will contribute to wave fluctuation variances.
Furthermore, if we then divide by 7, because cach resonance is separated by 7 radians
in the phase Qq4, we can find a “smooth” spectrum for trapped waves. This smooth
spectruin is

Pc WTe
Alsmoolh (wa ka s ky) = &)2]‘13 1 E:]lTlﬁ Zg][(f(u"a K,., kl/) (15)

We use this expression for M in cvaluating the amplitude contributed by trapped
wavesin (12).

ven though the simooth spectruim for trapped waves was found by assuining
k << my., it works well in many other limits. [Sec Leroy (1991 for some Of these
other limits.] Infigure 1 we show a comparison between M aud My oo This figure
shows that the simooth spectrum eliminates the resonances but preserves the overall

integrated amplitude contributed by trapped waves.
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We conclude the section by summarizing how one siimulates log-a mplitude
radio scintillation spectra, given a gravity wave spectrum. The sinulation equation
is (5). Weimplement convectively generated pravity waves through (1 2), (13), and
(15), where A is given by equation (6). The factor M(w, k,., k,) is calculated using
cquation (32) of LI1, and 91/0z is calculated as described in appendix B of LI11.

Values for the parameters v,, o, g2, and A arc different for ca ch occultation.

3, Scintillation Simulations

3.1 Scintillation data

For the sake of comparison, wereproduce the power spectrum of log-amplitude
fluctuations at 60 km altitude in the S-band originally calculated by WA. Since this
data is archived on outdated media and since only one spectrum was published, we
digitized the data presented in figure 4 of WA (with their permission). The occultation
is taken from orbit 18, day of year 356, 1978.1t occurred at 86. G° N latitude. It is
hard to avoid high latitudes for Pioncer Vennus occultations because the spacecraft
was a polar orbiter.

We comput ¢ the power spectrum of log-amplitu de variance from the digitized
data. Wc fad Fourier transformed the data, squared cach cocflicient, and multi plied
by 13.24s, twice the time interval of the data. The factor of 2 enters because we fold
negative frequencics in with positive frequencies. The digitized data and the power
spectruin is presented in figure 2. We find that the total variance 0, ~ 0.044 is
in agreement with WA and thus the scintillations can be considered weak because
o< L

Inour sitnulations, we intend to match the general tiend of the power spectrum
in the frequency interval between about 3 Iz and 150 1z, Power at frequencies below

3 Hz is not contributed by diffraction cflccts, hecause suchilow frequencies correspond
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to scales larger than the Fresnel size in Vers’s atmospher ¢ The sprectrum appears
coarse above 3 lz, whichisthe consequence of asingle realization of arandom
process. With more realizations one could obt ain a smoother spectrum by forming
ancnsemble average. T'hetrend of the power spectrum changes dlightly for {frequencies
grealer than 150 Hz. At frequencics greater thanabout 100 117, severalnoise sources
become important, including errors in our digitization.

Many parameters arc explicitly deterinined by the gcometry of the occulta-
tion in question. The spacecraft trajectory and defocusing factor determine the entry
velocities 1, and z,. WA give v,=- 7."/k111 s' as the spacccraft motion without the
cflects of defocusing, and w e have measured the spacecra ft trajectory to be about
35° away from thevertical before it entered the atmiosphere from figure 1 of Kliore
and Patel (1980). Thus, ys/2s==tan 35°. Since this is much Icss than 8 (sec dis-
cussion in section 3. 1), the occultation can be considered vertical. IFollowing W A
WC uscg® = 10 at 2 == 60kin. Then the apparent motion of the spacccraft, in-
cluding the effects of defocusing, arcg,==7.7km s! «n35° = 4.42kms~! and
zo = T1.7kims™ ! cos35°/¢? = 0.63kin s- 1. 'This makes the apparent entry angle
a = tan"1(y./2.) = 82° andilicapparent entry velocity v, = 4.461{ 111 SH. Other
determined paramcters arc the spacecraft to limb distance (12;= 3819 km) and the
Venus-Farth distance (£22 = 69.9 x 10° kin). Because Ity << Ry, then R ~ 3819 kin.
Also, weuse the S-band occultation data; thus the carrier frequency is & = 48.2 m™?,
TheTresnel size ayis 200 meters. The Fresnel size is the same as the beamn width
multiplied by 7. IFinally, we approximate the beam pathlength through the atmo-
sphere as I o~ /81vens ] where Ry is the radius of Venus and 1 is a scalcheight
in the atinosphicre (see figure 7 in Woo el el. 1974). Using 6050k m as the radius of

Venus and Hkm as the scaleheight, we find I, ~ 540 km. T'his is consistent with WA.
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3.2 Simulations

In this scction we compare our compuled radi o scin illation spectra with the
data. The two mnost sensitive parameters arc theangle Abetweenthe radio beampath
and the mean winds and the amplitude U, of velocity flue.tuatio])s inthe convection.
Although the geometry of the occultation is kiown, the mear wind direction is not,
particularly at t]ie high latit udes where the occultat ions occur. Morcover, the result-
ing spectra are most sensitive to values of A around zero, the valuc if the mcan winds
arc zonal, because th en the occultation saimples those special waves that do not in-
teract with the incan winds. Many of the waves are absorbed in critical layers before
tl ey reach 60 ki altitude, to which our data refer. The velocity amplitude U, of
the convection thercfore aflects the amplitude of the scintillations, because a greater
fraction of the waves can propagate to 60kin altitude when U, is large. Also, above a
certain value of Ug, the wave cinission from the convection is lai ge enough so that the
spectrum saturates throughout the frequency range of interest (about 2 11z through
50 1] Z). Since the observed spectrum shows ey ridence of saturation throughout this

frequency range, wecan at least derive a lowerbounid o: | the velocity amplitude U,.

3,2.1 Dependence 011 A

I exploring the dependence of W, (v)on A, we first set the entry angle « to
zero so the occultation] is purely vertical. The parameters v, and g% remain 7.7 kins™!
and 10. Thelresnel size ay is still 200 mcters. In figure 3a, we set the convective wind
speedat U. = 1 m s1 , we implament the complete breaking of waves as described
mscction2 of 1,]], andwe vary A from 0° to 40°. Thespectra were determined
at 60km altitude. When A = 0°, thie beam path and the mean winds arc parallel
(k. =k!).Since averaging over the beamn path permits contributions only from waves
with k! = O, only purcly meridionally propagating waves arcsampled(k, = O). Such

waves experience noloppler shifting because © = w - kir=w. As A is increased,
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Doppler shifting docs occur and gravity wave critical laycrs (i. e, altitudes al which
@ = 0) enter into the scint illat ion integral. Since waves are ahsorbed at their critical
layers, much of the wave amplitude is lost below 60 km altitude for substantial values
of A.

Figure 3 shows that the slope of the high frequency part of the spectrum
changes when A is ncar zero. The following is a heuristic argument to explain these
changes. When A is near zero the wavemodes sensed in these spectra arc broken
twice first as they arc emitted from the convection and sccond at 60 kin altitude.
According to (9), the waves withhighm- those subject to breaking tend to have
low w.lor A ncar zero, the waves that contribute to the scintillations are not Doppler
shifted. Waves with high m/low w at 60 kin aso have highm/low w at thetop of the
conveetion, where they break as discussed carlier. Further hreaking of the high m/low
w waves occurs at higher altitude, as other waves, propagating in diflerent directions
relative to thicincan flow, approacht heircritical layers. As wc have formulated it,
breaking reduces the amplitude of all waves within a given band of 792, ! venif only
some of the waves inthe bandareapproaching critical layers. Fachstage of breaking
muses the spectrum to fall off more rapidly withme, so the scintilfation spectra at
low A have a steeper fallofl withm (and hence withv) than those where A is large.

As theangle A increases, Doppler shifting becomes more important. Large
verti cal wavenumbers at 60 kin no longer imply large m just above the convection
since w now varies with height (see (9)). Thercfore, the amplitude of these waves
is not aflected by breaking upon emission. The amplitude of these waves is aflfected
by breaking ncar critical layers, though. The effect is that the waves are marginally
stable, and their temperature variance spectinm is just t hesaturated spectrum. Thus,
the scintillation simulations with substantial A reseinble the saturated spectrum o f

breaking gravity waves.
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As canbe seen in figure 3b, W, (v) steadily makes airansition from a very
steep slope (approxiinately v~ *ytoamuch shallower slope (aphroximately »~2). We
evaluate whenthat transition is complete by determining when the Doppler shifting
k. (where @ is the difference in the mean wind between the convection and 60 k m)
is comparable to the frequency w of thelargest waves. Since kb, =- &, sin A (recall
that &/ = o) and since the largest waves have h~1/11, thenk, ~ (1/H)sin A. The
frequency w of the dominant waves is approximately U./11. Thus, the transition to a
v *dependence for W, () occurs when sin A sz U/t where @ is the difference in the
zonal wind speed between 55 and 60k altitude. For U.=: 1 mslandu= 30ms™?,
this transition occurs at A ~2° which is close to what is sceninfigure 3.

As A is incrcased even more, the simulated scintillation spectra retain the
same dependence on v but the overall amplitude fals (see figure 3a). This is because
the westward energy-bearing waves are critically absorbed before they reach 60 kin
altitude and cannot contribute to the spectrum at 60 km. Waves are absorbed at
their ceritical layers, which occur whene=u sin A, where ¢ is the Lhorizontal phase
speed. Since @increases from O to 30m s from the convectionto 60 ki altitude, all
those waves with ¢less than 30 sin A ms™! arc absorbed. This eflect can be seen in
figure 3a

For a given U; and given v in the high frequency range, the spectrum first
increascs withrespect to A and then decreases. The increase occurs as the power-Jaw
becomes shallower at small Al The deerease oceurs as more and mmore of the waves
arc critically absorbedbelow G0 kin, when A is larger than sin™'(U,./u). ‘r1111s, for
every value of U and v, there exists a maximuin in the amplitude of Wo(v) with
respect to A .

In this scction we have found that, except for a simall window around A ~ 0°,

most simulated scintillation spectra obey a v* ° power law. The v~3 spectrum snows



the effects of the saturated spectrum of gravitly waves, which arises because high
vertical wavenuimber waves break as they propagate vertically. Sec Ll1{or a further

disc ussion of the saturated spectrum and the »~3 dependence.

3.2.2 Dependence 011 U,

Herecafter we use a realistic entry angle (angle between the spacecraft motion
and the atimospheric vertical) for the o ceultall on.  AsS remarked earlier, wc have
measured the entry angle for the occultation inquestion to be 35° before entry into
the atmosphere. When defocusing is takeninto account (¢? == 1 0), the apparent entry
angle becomes 81.9°. The frequency v is mostly prop ortional to m. in figure 4, we
show simulated radio scintillation power spectia for an ap parent entry angle of S1 .9°.
We also show the log-amplitude power spectriim previously shown in figure 2b. W C
retain v, = 7.7km s and ¢? = 10. First we uscU,= 1 m stand J/,=5 kin. Wc snow
the results for A = 5° 100 and 20° because these bracket the data. No single value
of A fitsthcdataat al v, however. The behavior of the simulations for substantially
nonzero A dots not change after implementation of the 1calistic value for the entry
angle since the spacecrafl appears to be crossing the wave phase fronts vertically 1n
both cases.

Il figure 5 weincrease U, to 3mns’

while retaining all the other parameters
uscdin figure 4. The result is that the overall shape of the simulated spectra dots
notl change but the overall amplitude dots. That the overall amplitude increases
scems contrary to our rcasoning that the simulated scintillation spectrum reflects
the saturated spectruin of gravity waves. This saturated spectrum holds that upon
integration of the temperature variance spectium over horizontal wavenumbers k7., k7,
the resultant spectrum inm is proportional to m™3:

1\2

3

//dk; dky, By(ky, ky,m; z) =




21

whiere 1' is the difference between the lapse rate of the atinosphere and the adiabatic
lapse rate. Scintillations, though, reflect an integral over only one of the wavenumbers.
That is,

Wy (v) « /dk; By(k, =0,k m; z)

Thus, simulations arc not a reproduction of the saturated spectrum, but they might
give thesame spectral behavior if the & == O component of the spectrumm were pro-
portional to the integral of the spectrum over kL. This proportionality evidently is
dependent 011 the value of Us which we use. When U, is increased, the k], =0 compo-
nent of the spectrum tends to grow with respect to the integral of the spectrum over
k!. Wc speculate that this happens because a greater fraction of the waves canrcach
60 kin altitude when U, is increased.

The scintillation simulations for U, = 0.2 s’ yicld significantly diflerent re-
sult s than for larger values of U.. Thesiinulations are shownin figure 6. These curves
arc ncarly flat in comparison with the previous siimulations. In this case, the wav e
forcing is so weak thatthe waves inthe vertical wavenumber range of interest do not
break; hencethe scintillation spectra do not show the effects of the saturated spec-
trum of breaking waves. Since the flatness of these simulated spectra is not consistent
with the data, we know that the forcing must be more intense than Ue=0.2m sl
(figure 6). Thisflattening eflect isnot as obvious whenlU,.= 11n S| (figure 4), and it
is cven less obvious whenU. =3 ms™! (figure 5). Since thesimulations at U,=3m s’
show shapes more similar to the shape of the data, we can place alower limit on U..
Wc suggest alower limit of 2 m s,

Wc also require that A be large ecnough so that the dependence of Wi () on v
is roughly proportional to v ’at high frequencies. Ingeneralthis occurs for A greater
than 5°. Above this, while holding UC fixed, the shape of the scintillations remains

the same, but the overall amplitude decrcases as A is increased. For example, when
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U.= 3 1ms ' weget arcasonable fit to the data for A &= 30° (figure ). If weincrease
the convective intensity u,, then we would also have 1o increase A to get @ reasonable
fit. This implics that given a lower limit on U., we can also place alower limit on A.

We suggest that this lower limit on A is approximatel y 30°.

3.2.3 Fresnel fringes

The dips which occur in the simulated scintillation spectra are fringes associ-
ated with Fresnel diffraction patterns. The first dip occurs near 3 Hz in figures 4 and
5. The sccond occurs near 4 1z, etc. In weak scintillation theory for gravity waves,
the fringes occur when the Fresnel filter function sin? [. . ] in equation (2) is ncarly

zero. Because m? g2 >> k2, k2 for gravity waves, the fringes are located at

1114,
A (16a)

wherenis a positive integer and a7 = R/2k. We note that 27y = mz, and that

z5=¢"2,10 snow that thescquence of frequencics v, at which there arc fringes is
v, = 2.813 11z 4/n. (160)

We have used a realistic value for the entry angle, 35°, and aspacecraft velocity of
ve=T.Tkms™ 1,

In most of the preceding scintillation simulations, the fringes arc unresolved
al high frequencics. Infigure 7 we show a simulationin which all of the fringes
between 0.5 and 50 11z arc resolved. We have used the same paramcters used for
figure 5, except A = 30(". With this simulation, it is casicr to sce the general trend
of the siimulation, which matches the overall shape of the datamore clearly thanthe
previous siimulations did. W ¢ do not expect that the fringes in this siimulation and
dips which occur imthe data should lineup, largely becausethedipsinthe data arc

symptomatic. of asingle realization of a random process, not of a diflraction patiern.



3.2.4 Varying the background atmosphere

In this subscction we examine how differ ent assumed mcan states of the atmo-
sphere affect the simulations. The actual stability profile N2(z) can be drawn from
the occultation data itsclf. WA givea value for N2 which is consistent with the profile
we have used for N%(z). Nevertlieless, we vary the background stability structure so
that we may know in the futurc how scintillations produced by gravity waves depend
onthe stability. Sincethe occultation occurred at such a high latitude, the mean
state wind profile is not known. For thisrcason alone, we vary the background wind
profile so that we may assess the validity of the conclusions we reached earlier.

IYirst, we present simulated log-amplitude spectra for a different stability pro-
file N%(2). We usc anew profile for the Brunt-Vaisal i frequency in which we have
only decrcased the peak value of N by a factor of two. Thenewprofile is shown
in figure 8. The slopes in the zonal wind profile have been adjusted so that Kelvin-
Hehnholtz instabilities are avoided (the Richardson nuinber is always greater than
1/4). Thenet effect of this adjustment is only a3m s’ westward shift to the winds

above the convection. We have againset U= 3 ms - !

and we vary A. The result is
figure 9.

The simulated scintillation spectrain figure 9 Lear a strongresemblance to the
previously computed spectra. Once again the slope above 10 1z matches the slope
of the power spectrum of the data. Also, the overall amplitude falls withincreasing
A and reaches a maximum for A &~ 5°. When the static stability is reduced, the
amplitude of the simulated spectra is aso reduced (c.f. figure 5). The reduction takes
place because waves break at smaller amplitudes when the background atinosphere is
less stable. Thus, the spectrum saturates at lower amplitudes of U, when the stability

1s weaker, but theamplitude of UC must be increased, or the angle A decreased, for a

good match between the amplitude of the simulated scintillations and the data (figure
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2b). This adjustinent. would only be slight because the stability s knownto good
accuracy a priori.

Next we present simulations for an altered background wind profile u(z). in
the previously assurned profile, the wind differed by 55 In s7! between tlie convecting
layer andthezonal windmaximumat 67 km altitude. We1teduce the shear above
the convection by a factor of two so that the zonal wind di flers by 28 m s1 between
the convecting layer and 67 kin. Above thezonal wind immaximuin, the shear was also
reduced by a factor of 2 so that the winds would still pass through zcro at about
80km altitude. The profiles of N?(z) and #(=) we usc arc plotted in figure 10. As
before weusc U, = 3m s and vary A. The result is figure 11.

Infigure 11 we snow simulations of thelog-amnplitude variance spectra in fre-
quency. Decrcasing the zonal wind shear increases the overall amplitude but dots
not change the shape of the simulated spectra. The shape is unchanged because the
spectrum is sat urated by wavebreaking. The amplitude increases when wind shear
decreascs because fewer waves are absorbed at critical layers Mow G0 km, and thus
the overallamplitude of the simulations increases.

The uncertainty in the zonal wind profile in polar latitudes affects the lower
bound we place on the angle A between the winds and the radio beam, but docs not
a.fleet thic lower boundwe place onthe convective intensity. Since the winds are most
likely weaker thanthe wind profiles used in these simulations, the waves probably
saturate for turbulent intensit ies U, only slightly less than 31m S—1. On the other
hand, since the simulations are greater in overall amplitude for the same values of A,
it is possible thatthe lower imit placedon A may be too simall.In order to maintain
arcasonable fit to the data larger values for A are requir ed when the wind shear is

decreased ( c.f. figure 5).
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4. Discussion

4.1 Implications for Venus's atmosphere

We find that U, must beat least 2m S--1 so that the shape of the simulated
spectra matchestheshape of the data. This limmit on U, has iimportant consequences
for Venus’s atimosphere. Recall that the occultation data from which the scintillations
in question were extracted comes from 86.6° 1ort! Jatitude. The minimuin vaue for
U, redly represents a lower limit onthe strength of the convection which generates the
waves. Theimplication is that there is substantial dry convective activity in Venus’s
middle atmosphere even at polar Jatitu des. To date, there has been little effort placed
in understanding polar atinospheric dynamics in Venus's atinosphere. That there is
enough heat inade available inthe polar lower atimosphere of Venus so that middle
atmosphicric convection remains substantial is important. This could imply that the
transport of heatinthe lower atmosphere could extend to extremely high latitudes.
This would not be possible if there were an isolated polar vortex, as is the case for
the Farth’s southern winter. Thus, we suggest that there is considerable meridional
mixing in Venus’s lower atmosphere clear up o the north pole.

The lower bound on the convective velocity variance perinits placing a lower
limit on the energy and momentum fluxes carried by the gravity waves emitted from
the convection. We use model of 1,11 to calculat ¢ the amount of ¢hergy and momentum
carried by gravity waves immediately after they break uponernission, given UC =
2111 5. We {ind that the lower bound on the castward iomentuin flux is 1.26 X
102N m™ %, the westward momentum flux is - 2.59 x 102N 1117 andthe cnergy flux
is0.252 W "' ’. Thiscnergy flux is a small fraction of the sensible heat transported

within the convecting layer

4.2 Gravity waves or turbulence?

. s . . . .
Both clear air turbulence (C Al ) aud gravily waves can explain radio scin-




tillations in occultation data. In the introduction, wec repeated Schubert’s (1983)
contention that CA'l" produces isentropic patches and cannot produce density fluctu-
ations, which are required for scintillations. This is not a problem for gravity waves,
which have an associ ated spectrum of temperature, and hence density, fluctuations.
Nonetheless, even if it is possible for turbulence to gencrate density variations and
hence radio scintillations, we argue that their required ampolitudes are unrcasonably
large based on cnergy requirements. Thus, we show why some of the estimates of
W oo andIshimara (1981, W] hereafter) preclude turbulence as an explanation for
the scintillations,

WA calculated radioscintillation simulations, but with a Koliogorov Jaw for
the spectruim of temperatur e fluctuations in the almosphere. WA anticipated a non-
lincar nonisotropic process to be responsible for the density fluctuations in the at-
mosphere, so they used a model which mimicked fully developed turbulence where
there was significant clongationin the liorizoutal direction. In essence, they used the

following spectrum for atmospheric temmperature fluctuations:

2 .2
Byk)=——- e (17)

. ) \ O \1/6
(B* k2 + k2) 4+ k24 1 ‘)

where K is a three dimensional spatial wavenumber, ¢z is the structure constant of
the temperature fluctuations, /3 is the aspect ratio of the turbulence, and L, is the
outer vertical scale of the turbulence. The structure constant is an observable. It is
fundamental to describing the intensity of the spectruim at sinall spatial scales. WA
found good fits for 1, 2 1km, ¢y o~ 0.15 Kin™! /3, and 8 2 10.

W | suggest that dissipative atiospheri ¢ turbulence is respounsible for the -
sity inhomogeneities in the atmosphere. The parameter most commonly used to de-

scribe the vigor of turbulence is the energy dissipation rate e, which is the mechanical




power per unit mass dissipated. The relation they used was

b /80N?
2 ] 2/3
T 3Nz (82) ¢ (18)

where O is the potential temperature and b~ 2.S is anondimensional constant (Monin
and Yaglom 1975). This equation was derived using equation 2.5S of Lumley and
Panofsky (1 964), who define the potential temperature gradient such that the poten-
tial temperature and the kinetic tenperature are equal at the altitude in question.
Thus,0="7"and 80/0z= 1. W] instcaduscda potential temperature gradient which
was defined suchthat =17 al the surface, andthereby overestimated 80/9zin (1 8).
Thus, the correct estimate of the energy dissipation rate required to produce the
scintillations is
3

& - ?7\7,) ew (19)
where aw is the value of the energy dissipation rate calculated by W1, Oy (used by
WI1) is the potential temperature when O = 1" at the surface, and 1" is the actual
temperature at 60 km. W] used the following parameters intheir calculations: 7'=
260 K, N*’= 1.7 x 10" S and(00/02)w =16 Kkm™ *. The quantity (80/0z)w is
the potential temperature lapse rate al 60 kin altitude assuiing that O =7" at the
surface. Using 8.80m S*for gravity, wc findthat 1' = 5.0 K km’and Ow = 814
K. WI calculated ew= 20 cm’s™®, and thus the actual estimate should have been
e=0610cm? -3.

WI showed that the eddy diffusion cocflicient, given app roximately by ew /N?,
was consistent with anindependent estimate of the addy diffusion cocfficient by cloud-
particle distribution studies. Their estimate of the energy dissipation rate and the
diffusion cocilicient, however, were too small by a ractor of 30. The actual cstimate
of thcencrgy dissipation) rate,e== 610 cm?s™, is consistent only with the most severe
conditions in the Karth’s atmosphere. Cranc (1980) used shears of du/dz= 10°S-|

and found that typical energy dissipationrates werconly of order 0.1 to 1.0 cin?/ s*°



at 10k altitude. The shear at 60kinin Venus's atmosphere is about 2.6 x 10*S-|
and the intensity of the scintillations is nearly global on Venus. Morcover, the energy
available for dissipation) is grecater inthe Farth’s atimosphere thanin Venus’s.  Ior
daytime conditions inthe Fart I’s atinosphere, 01) theorderof 400 w 111°canbe
transported vertically at midlatitudes. At 60 kin in Venus’s atinosphere, though, only
~ 40 Win~ % is available for vertical transport (Tomasko et al. 1980). Thus, if CAT
i s responsible for the Pioncer Venus radio scintillations, then, by analogy to CAT
conditions in the Farth’s atimosphere, we have s} 1own that implied CAT properties
arc unrcalistically large.

Convectively gencrated gravity waves do not have this difficulty. At some
altitudes they can produce index of refraction fluctuations without dissipation. I'u -
thermore, at those altitudes where the waves by cak, the waves that remain can explain

both the amplitude and shape of the observed spectruin of radio scintillations.
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Figure 1. Resonances in the wave response. Weshow M (w, k,., ky) of cquation (27) of
1,11 (the “coarse’ spectrum) and Moo Wk, of (15) (the “SIHTOCA} I spectrum).
Bothk and e are held fixed at 10 “-3 m’=" and 60° whilc ¢ is varied. We useU.= 3 m s’

and /. = 5kn.

Figure 2,5-band Scintillation Data.}'igure ais a reproduction of the S-band radio
scintillation data presented by W A . The log of the ficld strength is plotted versus
clapsed time during the occultation. This segment is centered at 60km altitude in

Venus’s atmosphere. Figure b is the power spectrum of the data in figure a.

Figure 3. Sinulated scintillation spectra. Gravity waves are assured responsible
for theindex of refraction fluctuations. The ordinate is the power spectrum of log-
amplitnde fluctuations. The gravity wave spectrumhasU,= 1 m S-I and .= 5 kin.
The entry angle is set to O°. Tor (a), theangle A issctto O” (bold curve), 2°, and 20°
insuccession. Ior (b), theangle A varies from 0.0°to 0.3° instepsof 0.05°. In (a) wc

include a dotted line with a slope of -5.

Figure 4. Simulated scintillation spectra. The actual entry angle is 35°; the apparent
entry angle is 81.9". The gravity wave spectrum has U.z= 1 s Yand 1], =5 km. The

angle A is set to 10°, 20°, and 40°. The deemphasized curve is the data

Figure 5,Simulatedscintillationspectira. The same as figure 4 but with U, =3m S.

The angle A is set to 5°, 10°, 20°, and 40°.
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Figure 6. Simmulated scintillation spectra. The actual entry angle is 35°; theapparent
entry angle is 81.9°. The gravity wavespectrumhas U, = ().2 1 s’ tand 11, = 5 kin.

The angle A issctto ()(, 1°, 2°, and 5°.

Figure 7. Sim ulated scintillation spectrum with resolved fringes. In this simulated
log-amplitude variance spectrum in frequency, wc sample in v more finely at high
frequencies so that all of the fringes are resolved. We have set the cutry angle to
81.9°, U to3ms™1, 1. to 5 km,and the angle between the radio beam path and the

winds A to 30°. The decinphasized curve is the data.

Figure 8. Modificd background stability. I'his is a modified version of the background
atmosphercusedin 1,11. The peak N? has been decreased by a factor of 2. The zonal

wind has been modified so that the Richardson number nowhere exceeds 1 /4.

Figure 9. Modified stability simulated scintillation spectra. These simulations utilize
the reduced static. stability profile shown in fipure 8. The actual entry angle is 35°;
the apparent entry angle is 81.9°. The gravily wave spectiumhas U, = 3 ms™!and
H.=5km. Theangle A is set to 100 20°, and 40°. The deemphasized curve is the

data.

Figure 10. Modified zonalwinds. Wc plot the square of the Brunt-Vaisala frequency
and the zonal wind versus altitude we use with which we test the effect of changing
the wind profile on the scintillation simulations. Compared to previous profiles of the
winds, the shear above the convecting layer inthis mode] hasbeenreduced by a factor

of 2. The background stability remains the same as in previous simulations.
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Figure ] 1. Modificd wind simulated scintillation spectra. We plot siimulated log-
amplitude variance simulations in which the entry anigle is set to 81.9°. The gravity
wave spectrumhasUy= 3 ms™ ! and H. = 5k, The angle A is setto 10°, 20°, and
40°. We have used the background profiles of stability and zonal wind illustrated in

figure 10. The deemphasized curve isthe data.
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Figure 5
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Figure 6
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Figure 7
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Figure 9
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Figure 10
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